Abstract Despite well-documented negative impacts of invasive species on native biota, evidence for the facilitation of native organisms, particularly by habitat-forming invasive species, is increasing. However, most of these studies are conducted at the population or community level, and we know little about the individual fitness consequences of recruitment to habitat-forming invasive species and, consequently, whether recruitment to these habitats is adaptive. We determined the consequences of recruitment to the invasive green alga Caulerpa taxifolia on the native soft-sediment bivalve Anadara trapezia and nearby unvegetated sediment. Initially, we documented the growth and survivorship of A. trapezia following a natural recruitment event, to which recruitment to C. taxifolia was very high. After 12 months, few clams remained in either habitat, and those that remained showed little growth. Experimental manipulations of recruits demonstrated that all performance measures (survivorship, growth and condition) were significantly reduced in C. taxifolia sediments compared to unvegetated sediments. Exploration of potential mechanisms responsible for the reduced performance in C. taxifolia sediments showed that water flow and water column dissolved oxygen (DO) were significantly reduced under the canopy of C. taxifolia and that sediment anoxia was significantly higher and sediment sulphides greater in C. taxifolia sediments. However, phytoplankton abundance (an indicator of food supply) was significantly higher in C. taxifolia sediments than in unvegetated ones. Our results demonstrate that recruitment of native species to habitat-forming invasive species can reduce growth, condition and survivorship and that studies conducted at the community level may lead to erroneous conclusions about the impacts of invaders and should include studies on life-history traits, particularly juveniles.
Introduction
Invasive species are one of the greatest threats to biodiversity and ecosystem function globally (Vitousek et al. 1996; Mack et al. 2000) . Accordingly, studies on biological invasions have focussed almost exclusively on the direct negative impacts of non-native species (e.g. through competition and predation) on invaded ecosystems and biodiversity. For habitat-forming marine invasive species, Communicated by Tony Underwood. negative impacts on native biota have also been linked to modification of the abiotic and biotic environment associated with invasion (e.g. water flow, food availability, sedimentation, light irradiance and physical and chemical sediment properties) (Neira et al. 2005 Hacker and Dethier 2006) . However, there is emerging recognition that invasive species can have positive as well as negative effects (see Rodriguez 2006 and references therein). In soft-sediment environments, studies show a higher diversity and abundance of native biota in a range of habitatforming invasive species compared than in nearby unvegetated substrata (e.g. gastropods, mussels, seaweed, seagrass and salt-marsh) (Posey 1988; Crooks 1998 Crooks , 2002 Wonham et al. 2005; Gribben and Wright 2006a) .
Natural selection should act on habitat choice such that recruitment is adaptive. Although we can find no explicit statement to the fact, for those species that are facilitated by habitat-forming invasive species, the implication is that recruitment to these habitats is adaptive. However, there is a rich history of studies that demonstrate that organisms do make poor, or maladaptive, habitat choices that reduce individual fitness (see Robertson and Hutto 2006 for review) . Negative impacts on life-history traits of marine organisms resulting from poor habitat choice have been demonstrated for several taxa, particularly invertebrates with complex life cycles in which the dispersive or larval stage is responsible for 'choosing' a habitat to begin the adult life-history stage. For example, settlement of the barnacle Chthamalus stellatus amongst another barnacle Balanus balanoides resulted in high mortality of newly settled recruits and the exclusion of C. stellatus from the low intertidal area (Connell 1961) . Similarly, preferential settlement of the sea urchin, Holopneustes purpurascens on the poor quality host alga, Delisea pulchra, results in reduced fitness unless the former can move to a better quality host (Swanson et al. 2004; Williamson et al. 2004) . Given the strong negative impacts that habitat-forming invasive species can have on the habitats they invade, particularly in soft-sediment marine environments, and the fact that life-history traits of marine invertebrates are sensitive to environmental change (Keck et al. 1975; Carmichael et al. 2004 ), we may also expect large negative effects on the life-history traits of native biota that recruit to these habitats.
Life-history theory predicts that individual fitness will be more sensitive to changes in the mortality, growth and fecundity of younger/smaller individuals (Stearns 1992) . As such, studies investigating the effects of environmental change on native biota, such as those driven by habitatforming invasive species, need to incorporate studies on early life-history stages. However, most studies that investigate facilitation by habitat-forming invasive marine species have been conducted at the community level (Posey 1988; Crooks 1998; Hedge and Kriwoken 2000; Castilla et al. 2004; Wonham et al. 2005; Gribben and Wright 2006a) . To date, no studies in the marine environment have addressed the potential negative effects on life-history traits of recruitment to habitat-forming invasive species and, therefore, we know little about whether recruitment to these habitats can be considered to be adaptive.
Since being discovered in 2000, the invasive green alga, Caulerpa taxifolia (Vahl) C. Agardh, has invaded 14 estuaries in southeastern Australia. Caulerpa taxifolia rapidly colonises unvegetated soft-sediments to form a thick complex structure (Wright 2005; Wright and Davies 2006) which modifies chemical and physical sediment properties (Chisholm and Moulin 2003) . Although it outperforms native seagrasses (Ceccherelli and Cinelli 1997) , seagrass beds in southeastern Australia may be relatively resistant to C. taxifolia invasion (Glasby and Creese 2007 ). Recent studies demonstrate that C. taxifolia enhances the recruitment of the native soft-sediment bivalve, Anadara trapezia (Gribben and Wright 2006a ), but has negative effects on the abundance and life-history traits of adults compared to native seagrasses and unvegetated sediments (Gribben and Wright 2006b; Wright et al. 2007 ). This suggests that recruitment to C. taxifolia may be maladaptive and result in negative effects on life-history traits that act to reduce fitness.
Here we build on previous research and investigate whether positive effects on the recruitment of A. trapezia by C. taxifolia are maintained in life-history stages following recruitment. First, we followed a natural recruitment event and estimated changes in the abundance and size of recruits in invaded and unvegetated habitats over 12 months to infer consequences for survivorship and growth. Second, because recruits frequently occur on adult A. trapezia we also monitored the number of recruits on adult clams from the same habitats over the same time period. Third, we experimentally determined the effects of invaded and unvegetated habitats on key performance traits (survivorship, growth and condition) after 17 months of recruits transplanted into each habitat. In addition, we investigated potential mechanisms by which C. taxifolia may impact on native infauna by determining whether differences in key environmental characteristics (e.g. water flow, food supply and, sediment and water quality) exist between invaded and unvegetated habitats.
Methods

Species and study location
Detailed descriptions of the organisms and study sites can found in Gribben and Wright (2006a,b) and Wright et al. (2007) . We present only brief descriptions here. Caulerpa taxifolia has invaded several temperate regions worldwide where it covers large areas of soft-sediment habitat and forms high density beds (Meinesz et al. 2001; Creese et al. 2004; Anderson 2005; Wright 2005 ) and modifies chemical and physical sediment properties (Chisholm and Moulin 2003) . Reports on the response of native biota (e.g. seagrass, infaunal bivalves, fish and epibiota on hardsubstrata) to C. taxifolia appear to be largely negative (Bellan-Santini et al. 1996; Ceccherelli and Cinelli 1997; Levi and Francour 2004; Longepierre et al. 2005; Gribben and Wright 2006b; York et al. 2006; Wright et al. 2007) , with the exception of positive effects on A. trapezia recruitment (Gribben and Wright 2006a) .
The ark shell, A. trapezia, commonly known as the Sydney cockle, is a dioecious free-spawning bivalve found from Victoria to southern Queensland (Edgar 2000) . Anadara trapezia is generally estuarine, occurring from the intertidal to shallow subtidal (water depth 0-2 m) in sheltered mud, sand and seagrass habitats. It can reach a shell length of 75 mm (Edgar 2000) , and populations are dominated by individuals [45 mm (Wright et al. 2007) . Anadara trapezia are epifaunal as recruits and infaunal as adults (Gribben and Wright 2006a; Wright et al. 2007) .
All data were collected from Sponge Bay and Yooralla Bay in Lake Conjola (35°15 0 44.3 00 S, 150°26 0 47.8 00 E), a temperate barrier estuary in southeastern New South Wales. Caulerpa taxifolia was first described from Lake Conjola in 2000, but it may have been present for several years previous (Creese et al. 2004) . Although several native seaweeds inhabit Lake Conjola, C. taxifolia is the most abundant macrophyte. In Lake Conjola and several other estuaries in southeastern New South Wales, C. taxifolia commonly invades soft-sediments inhabited by A. trapezia (Wright et al. 2007 ).
Abundance and size of recruits following a natural settlement event
We examined changes in the abundance and size of recruits for 1 year (from April 2005 to April 2006) following a large natural recruitment event of juvenile A. trapezia in Lake Conjola which occurred prior to April 2005 (Gribben and Wright 2006a) . We sampled three habitats in both Yooralla Bay and Sponge Bay: sparse (30% cover) and dense (100% cover) C. taxifolia, and unvegetated sediments. Sampling was conducted on five occasions: 16 April, 23 July, 22 September, 25 November 2005 and 15 April 2006. Samples were collected haphazardly at water depths of 1.5-2 m from several intermingled patches of C. taxifolia and unvegetated habitats throughout each bay to reduce confounding spatial effects. This spatial design applies to all mensurative and experimental data collected. Although the seagrasses Zostera capricorni and Halophila ovalis are also found fringing the bays, they were not sampled in this survey as both seagrasses are sparse, and few bivalves recruit to these habitats in Lake Conjola (Gribben and Wright 2006a) . On each sampling occasion at each habitat, ten replicate cores (diameter 22.5 cm) were haphazardly pushed 10 cm into the sediment. For both the sparse and dense C. taxifolia habitats, the alga was initially removed from the core and placed into plastic bags. Although A. trapezia are epifaunal as recruits, we considered it important to also sample sediments for the presence of juveniles in case they move to this habitat as they grow. Thus, for all habitats, the top 3-5 cm of sediment were also removed from the cores and placed into a separate plastic bag. Sediment samples were washed through a 500-lm sieve on site, and the number of recruits recorded. Caulerpa taxifolia samples were transported back to the University of New South Wales and searched for recruits. The number of recruits in each sample was recorded and the shell length (anterior-posterior axis of the right valve) of all recruits determined using video image analysis (Abramoff et al. 2004) .
A two-factor analysis of variance (ANOVA) was used to test the effects of habitat (fixed) and site (random) on the abundance and size of recruits at the final sampling time only. We did not examine the factor time in this analysis as we were primarily interested in understanding the abundance of recruits 12 months after the recruitment event, not the patterns of recruit abundance through time. Only sparse and dense C. taxifolia were included in the analysis of final size as no recruits were recovered from unvegetated sediments. For all analyses, assumptions were checked by examining the distributions of residuals and plots of residuals versus means (Quinn and Keough 2002) . Nonsignificant interaction terms in ANOVAs were removed if P [ 0.25 (Underwood 1997) . Abundance data were H(X ? 1) transformed. Student-Newman-Keuls (SNK) tests were used to test for differences among habitats when the factor habitat was significant.
Occurrence of juveniles on adults
Recruits have shown a preference for adult A. trapezia in habitat choice assays, and high numbers of recruits have been found attached to the shells of live adult A. trapezia postsettlement in C. taxifolia invaded sediments compared to those in unvegetated sediments (Gribben and Wright 2006a) . We determined the abundance of recruits on adults over time to investigate evidence for recruits occurring in C. taxifolia secondarily recruiting to adults in C. taxifolia (no distinction was made between sparse and dense C. taxifolia) or adults in nearby unvegetated habitats. The number of recruits attached to adults (shell length [50 mm) was determined by haphazardly sampling adults [n = 37-91 depending on habitat and sampling conditions (e.g. visibility)] from both habitats at each site on each of the five sampling occasions described above. Because a high number of clams had no recruits attached ([86% of clams pooled from last three sampling times), the abundance of recruits on adults in both habitats was explored graphically only.
Effect of C. taxifolia and unvegetated sediment on recruit performance Fitness depends on key traits, such growth, survivorship and fecundity (Stearns 1992; Crone 2001 ). Here we determine the effect of C. taxifolia on the survivorship, growth and condition of A. trapezia recruits. Wet tissue biomass is used as a condition index and a surrogate for reproduction as histological analyses revealed that all clams at the end of the experiment (i.e. after 17 months) were still immature (data not shown).
Recruits were produced by the New South Wales Department of Primary Industries Port Stephens Fisheries Centre using standard bivalve culture techniques (Nell et al. 1994; Patterson and Nell 1996) . Post-settlement individuals were maintained in mesh bags (standard scallop lantern nets 30 9 30 cm, mesh size 1 mm 2 ) hung from oyster leases in Port Stephens until the start of the experiment. On the day the experiment commenced (i.e. 3 months post-settlement), mesh bags with recruits were collected from the racks, wrapped in cloth and transported on ice to Lake Conjola. Recruits (n = 40/cage) were added to replicate lantern net cages (n = 10/habitat) which were placed into C. taxifolia and unvegetated sediments at Sponge Bay in May 2006. The initial size of the recruits [size range 12-15 mm shell length; mean shell length (± standard error, SE) 12.43 ± 0.14 mm] was determined from 100 randomly sampled recruits at the beginning of the experiment. Two additional cages were placed into each habitat to serve as handling controls. We could not use uncaged controls due to high levels of predation on recruits in unvegetated sediments (Gribben and Wright 2006a) . Survivorship and size (shell length) of all surviving recruits were determined after 1 month . Control cages were left undisturbed and only sampled at the end of the experiment (i.e. after 17 months). Individual wet tissue biomass was obtained at the end of the experiment by opening the clams with a small knife, removing all tissues, blotting them with a paper towel to remove excess water and then weighing. Wet tissue weights were obtained for all clams recovered in C. taxifolia and ten randomly selected clams from each mesh bag recovered from unvegetated sediments (n = 11 bags; 110 clams in total).
Because of the non-independence of sampling through time and the fact that we were primarily interested in habitat effects on final size (shell length), we used a twofactor nested ANOVA to test the effects of habitat (fixed) and cage (random) nested within habitat on the final size of recruits. A t test was used to determine the effect of habitat on the percentage surviving in each cage at the end of the experiment. Because two control cages (one from each habitat) were not recovered at the end of the experiment, t tests within habitats were used to test for the effects of handling by pooling experimental clams within each habitat and testing them against the shell length of clams in the appropriate control. Two-factor nested analyses of covariance (ANCOVA) were used to test the effects of habitat (fixed), cage (random) nested within habitat and final shell length (covariate) on wet tissue biomass.
Variation in environmental variables between C. taxifolia and unvegetated sediment Changes in one or several of key biotic and abiotic environmental variables may have important implications for the fitness of biota. We quantified differences in water flow, water column dissolved oxygen (DO), sediment chemistry and food availability in C. taxifolia compared to unvegetated sediment. Unless otherwise stated, data were collected from Sponge Bay during February 2007.
Relative water flow
Differences in water flow between C. taxifolia and unvegetated sediments were investigated using the gypsum dissolution method (Doty 1971) . Gypsum blocks work under the assumption that blocks dissolve differentially under different water flows so that the dissolution of gypsum per unit time (g/day) increases with increasing water flow (Doty 1971; Howerton and Boyd 1992; Thompson and Glenn 1994) . Preweighed hemispherical gypsum blocks (approx. 7 cm in diameter 9 3.5 cm in height; approx. 59 g after 4 days of drying at 60°C) were attached to Perspex plates (10 9 10 cm) and fixed to stakes (20 9 5 cm, length 9 diameter). Replicate stakes (n = 10/habitat) were then were pushed into the sediment in C. taxifolia invaded and unvegetated sediments so that the gypsum block faced up and the plate was flush with the sediment surface. Blocks were collected after 6 days, dried as described above and reweighed to determine percentage mass lost. A t test was used to investigate differences in water flow between habitats.
Water column dissolved oxygen (DO)
Differences in water column DO between C. taxifolia and unvegetated sediments were determined by collecting water samples using replicate 20 ml syringes (n = 10/habitat). Samples in both habitats were collected 3-5 cm above the sediment surface, immediately wrapped in foil and DO measured within 15 min of collection. DO was measured using oxygen-sensing 100-lm optodes (Precision Sensing). The optodes were calibrated linearly to 100% air saturation using methods outlined in Ulstrup et al. (2005) . A t test was used to investigate differences in DO between habitats.
Sediment chemistry
Differences in pore water hydrogen sulphide (H 2 S), acidvolatile sulphides (AVS), chromium-reducible sulphurs (CRS), sediment oxidation-reduction potential (ORP or redox) and pH between C. taxifolia invaded and unvegetated sediments were investigated. High AVS/CRS ratios are indicative of increased anoxia. Replicate 200-ml sediment cores (n = 3/habitat) were collected from C. taxifolia invaded and unvegetated sediments for analysis of H 2 S, AVS and CRS in March 2007 and transported to Southern Cross University, NSW. Each sediment core was extruded and sliced at 0-2, 6-8 and 13-15 cm. One-half of each of the three sections was placed in a polyethylene tube and centrifuged at 2500 rpm for 15 min. The supernatant was fixed with zinc acetate (ZnAC) and analysed for H 2 S (Cline 1969) . All core extrusions, centrifugations and ZnAC additions were carried out in a nitrogen-filled glove bag. The concentrations of AVS and CRS were determined on the remaining half of each sediment interval using a two-step distillation method (Fossing and Jorgensen 1989; Sullivan et al. 2000) . Separate cores (n = 5/ habitat) were collected for analysis of redox and pH in May 2007 at a similar depth profile as described above. These cores were collected and taken back to shore where measurements were made immediately. Redox was measured using a Metrohm (Zofingen, Switzerland) AG 9109 Herisau Combined Ptwire electrode with Ag/AgCl reference electrode and Rex pH meter (Model pHb-4). The electrode was calibrated using Orion Application Solution ORP Standard 967961, and all redox readings were corrected for E H Ref = -210 ± 3 mV, i.e. reported redox potentials relative to the hydrogen electrode, E H 0 = 0 mV. The pH was determined using a WTW 330i pH meter.
Three-factor ANOVAs were employed to determine the effect of habitat (fixed), sediment depth (fixed) and block (random) on H 2 S, AVS, CRS, the AVS:CRS ratio, redox and pH. Because there is only one replicate of each habitat 9 depth combination within each core, there is no test for the factor block and interactions including the block factor (Quinn and Keough 2002) .
Relative food supply
Differences in the abundance and diversity of phytoplankton communities between C. taxifolia invaded and unvegetated sediments were investigated by collecting replicate (n = 4) 500-ml water samples 2 cm above the sediment from both habitats. Once collected, samples were fixed with Lugol's solution and transported back to the University of Technology (UTS), Sydney. To determine phytoplankton abundance, we examined the aliquots using an imaging flow cytometer (FlowCAM; Fluid Imaging Technologies, Yarmouth, ME) with a 209 objective and 100-lm flow cell. Samples were pumped at 0.2 ml min -1 , and the particles were monitored in ''autoimaging'' mode (recorded at a rate of 3 frames s -1 ) and digital images of cells stored for analysis. The factory-provided calibration factors were used to calculate phytoplankton abundance in each of the samples. To identify phytoplankton, samples were settled (concentrating cells tenfold) before examination at 4009 magnification under an Olympus BX50 microscope fitted to a Leica DFC280 digital camera. Differences in the total abundance of phytoplankton and the abundance of large phytoplankton ([20 lm) between habitats were investigated using t tests.
Results
Abundance and size of recruits following a natural settlement event
The initial mean abundance of recruits was higher in sparse and dense C. taxifolia sediments than in unvegetated sediments at both sites. However, after 12 months there were few recruits left in any habitat (Table 1, Fig. 1a) . Nonetheless, there was a still a significant effect of habitat on final abundance, with a significantly higher abundance of recruits in the dense C. taxifolia habitat compared to the unvegetated habitat. There was no effect of site on final abundance. There no effect of habitaton the final shell length of recruits, but there was a slightly significant effect of site (Table 1, Fig. 1b) . Overall, the size of recruits increased slightly over the year, indicating low growth (initial shell length range 2.12-8.05 mm; final shell length range 3.11-19.81 mm) across habitats and sites.
Occurrence of juveniles on adults
Wide variations in the number of recruits/adult were observed throughout the study period. Initially, the number of recruits/adult was higher in C. taxifolia-invaded sediment than in unvegetated sediment. However, the number of recruits/adult in C. taxifolia sediments declined rapidly and by November 2005 (late spring), few recruits were present on adults in either habitat (Fig. 1c) ; only 2% of adults sampled in unvegetated sediments and 20% of adults sampled in C. taxifolia sediments at the final sampling occasion had recruits attached.
Effect of C. taxifolia and unvegetated sediment on recruit fitness
Final shell length (F 1,16 = 7.680, P \ 0.014) and survivorship (t 20 = 5.679, P \ 0.001) were both significantly lower in C. taxifolia sediment than in unvegetated sediment (Fig. 2a, b ). There was a significant effect of cage, indicating spatial variation in growth within habitats (F 16,336 = 3.281, P \ 0.001).
For each habitat there was no difference in final shell length of clams in the remaining control cage compared to treatment cages (clams pooled across all cages within habitats) (unvegetated sediments; pooled variance t-test, t = 0.926, df = 274, P = 0.355; C. taxifolia sediments; pooled variance t-test, t = -0.845, df = 76, P = 0.200), and survivorship in the control cages was comparable to those in the treatment cages in both habitats (unvegetated sediments range in treatment cage 37.5-92.5%, control cage 47.5%; C. taxifolia, range in treatment cage 0-52.5%, control cage 35%). Therefore, handling during the experiment did not appear to affect growth or survivorship.
For tissue biomass, there was a significant shelllength 9 habitat interaction (i.e. the assumption of homogeneity of slopes was not met, F 1,15 = 10.889, P = 0.005), therefore we did not proceed with the ANCOVA. Although we could not test for a habitat effect, larger clams in unvegetated sediment appear to have greater tissue biomass relative to similar sized clams in C. taxifolia (Fig. 3) . ± SE, n = 10 cores per habitat on each sampling date) in sparse (30%, circles) or dense (100%, triangles) Caulerpa taxifolia (CTAX) cover and in unvegetated sediments (squares). b Shell length (mean ± SE, n = 6-99 recruits per quadrat) in sparse and dense CTAX habitats. c A. trapezia recruits attached to shells of live A. trapezia adults (mean number of recruits per adult ± SE, n = 31-53 adults samples per site) in unvegetated sediments or sediments invaded by C. taxifolia (no distinction was made between sparse and dense CTAX population) Variation in environmental variables between C. taxifolia and unvegetated sediments
Relative water flow
Percentage mass loss from gypsum blocks was significantly lower in C. taxifolia sediments than in unvegetated sediments (separate variance, t test, t 10 = 2.595, P = 0.02), indicating reduced water flow within stands of C. taxifolia (Fig. 4a) .
Water column DO
Water column DO was significantly lower in C. taxifolia sediments than in unvegetated sediments (separate variance, t test, t 9 = 5.696, P \ 0.0001) (Fig. 4b) . Mean DO was 50% lower in C. taxifolia sediments than in unvegetated sediments.
Sediment chemistry
There was a significant effect of habitat on CRS and redox, indicating increased anoxia in invaded sediments relative to unvegetated sediments ( Fig. 4d, f; Table 2 ). H 2 S and AVS values were also consistently higher, and pH consistently lower, in invaded sediments compared to unvegetated sediments, although the results were non-significant (Fig. 4c, e, g ). There was a significant effect of depth on pH only.
Relative food supply
There were approximately twice as many cells in the C. taxifolia habitat than in the unvegetated sediments (18.06 ± 5.96 9 10 6 vs. 7.07 ± 2.00 9 10 6 cells l -1 ; separate variance, t test, t 4 = 3.495, P = 0.029). Phytoplankton in both habitats were dominated by small (\10 lm) cells, but large cells (e.g. pennate diatoms [20 lm) were significantly more abundant in the C. taxifolia habitats than in the unvegetated habitat ( Fig. 5 ; separate variance, t test, t 4 = 4.374, P = 0.007). The larger size fraction included diatom species, such as Pleurosigma directum, Nitzschia closterium, Striatella unipunctata, Pseudonitzschia sp. and Navicula sp., and the dinoflagellates Prorocentrum minimum and Prorocentrum gracile. Similar species were observed in each habitat (e.g. small centric diatoms, Pleurosigma directum, Pseudonitzschia sp., as shown in Fig. 5 ), but the diatom S. unipunctata formed ribbons rather than single cells amongst C. taxifolia, and long, needle-like pennate diatoms were relatively rare in unvegetated sediments. No potentially toxic species were found in either habitat. 
Discussion
By adding complexity to otherwise relatively open, unvegetated sediments, habitat-forming invasive species offer a settlement surface and protection from predation for native fauna. However, our data demonstrate that recruitment to habitat-forming invasive species is not always adaptive for these fauna, and such habitats can have strong negative impacts on key life-history traits of postsettlement individuals. Although the in situ monitoring of the A. trapezia recruitment event indicated similar low densities remained in both C. taxifolia and unvegetated sediments after 1 year, our manipulative experiment demonstrated that C. taxifolia reduces the growth, wet-tissue biomass and survivorship of A. trapezia that recruit to this habitat and, as such, individuals that survive in the invaded habitat are unlikely to contribute to population growth. Given that similar negative effects on reproduction, Fig. 4 Mean (± SE) values for percentage loss of gypsum blocks (a), dissolved oxygen (DO) (b), hydrogen sulphide (H 2 S) (c), chromium-reducible sulphides (CRS) (d), pH (e), sediment redox potential (redox) (f), acid-volatile sulphides (AVS) (g) at core depths of 0-2 cm (shallow), 6-8 cm (medium) and 13-15 cm (deep) collected from C. taxifolia (black bars) and unvegetated (grey bars) sediments in Sponge Bay, Lake Conjola during February 2007. Samples sizes n = 10 gypsum blocks/habitat and DO, n = 3 cores/habitat for H 2 S, CRS and AVS, n = 5 for redox and pH somatic tissue and shell traits, and scaling relationships between these traits have been documented for adult A. trapezia in C. taxifolia sediments compared to unvegetated sediments (Gribben and Wright 2006b; Wright et al. 2007; Wright and Gribben 2008) , we suggest that recruitment to C. taxifolia will have strong negative impacts on the future reproductive success of A. trapezia and, therefore, on its individual fitness. However, understanding the effects of C. taxifolia on reproductive traits and how changes in scaling relationships in juveniles affect sexual development (e.g. sex ratios, age/size at sexual maturity, fecundity) will be an important avenue for future research.
The importance of autogenic properties of habitatforming invasive species (e.g. additional habitat complexity) in facilitating biota has been demonstrated (Crooks 1998; Crooks and Khim 1999) . However, allogenic properties (e.g. the ability to alter sediment chemistry, water flow and food availability) of habitat-forming invasive species also have strong negative impacts on associated organisms . For example, the alteration of trophic function following invasion by a hybrid cordgrass had negative impacts on the biomass of suspension feeding bivalves compared to nearby unvegetated substrata . In addition, the native seagrass Zostera marina controlled the growth and survivorship of the invasive mussel, Musculista senhousia, which recruited to it, through limiting food supply (Reusch and Williams 1999; Allen and Williams 2003) . However, for native macrophytes, positive effects on food supply have also been reported (Irlandi and Peterson 1991; Cummins et al. 2004) . Although it is likely that phytoplankton populations are variable in space and time, the higher densities of phytoplankton in C. taxifolia invaded habitats than in unvegetated habitats indicate that food limitation is unlikely to explain negative effects on recruits in C. taxifolia-softsediment bivalves efficiently retain particles down to 7 lm (Winter 1978) , so the high abundance of phytoplankton in C. taxifolia sediments above this size indicates that potential food supply is higher in this habitat. No toxic or potentially toxic phytoplankton were found in either habitat that could explain negative impacts on clams.
The reduced performance of recruits in C. taxifolia sediments may be linked to the observed changes in sediment and/or water properties associated with C. taxifolia. Low dissolved oxygen and anoxia have been reported in macroalgal mats due to the respiration of the algae, decomposition of accumulated macroalgal detritus and low rates of photosynthesis below the canopy (D'Avanzo and Kremer 1994; Deegan et al. 2002) . Reduced water flow in C. taxifolia sediments compared to unvegetated sediments may also have contributed to low DO, although C. taxifolia generally appears to colonise low-flow environments in estuaries in New South Wales (P.E. Gribben and J.T. Wright, personal observation). Both field and laboratory studies have demonstrated the negative impacts of low DO on estuarine biota (Breitburg 1992; Decker et al. 2003 ). Although we do not know the DO tolerance of A. trapezia, hypoxic conditions (\2.8 mg O 2 l -1 ) can result in the high mortality of sessile invertebrates (Peterson and Estes 2001) , with values higher than this potentially having sublethal effects on the physiology of soft-sediment bivalves (Malouf and Bricelj 1989) . Significantly lower redox and higher levels of sulphides in C. taxifolia sediments compared to those in unvegetated areas may have contributed to the observed impacts on performance traits, although sediments in both habitats appear to be anoxic. In order to develop a full mechanistic understanding of the impacts of habitat-forming invasive species, manipulation of those environmental variables likely to be driving negative impacts on native biota is required (Neira et al. 2005) . However, regardless of the potential mechanism, our novel finding of extensive hypoxia within the canopy of a habitatforming invasive species has broad implications for the fitness of epi-and infaunal organisms and, more generally, eco-system function.
Despite having negative effects on the life-history traits and the abundance of bivalves, recruitment to habitatforming invasive species may still contribute to population growth if the native species can secondarily recruit to good quality habitats (e.g. unvegetated sediment). Habitat choice assays have shown that A. trapezia recruits are mobile and gregarious and that they will move onto adults in preference to other available substrata including C. taxifolia (Gribben and Wright 2006a) . However, the monitoring of recruits on adults from both habitats provided little indication of secondary recruitment occurring, with few recruits remaining on any substrata after 1 year. In several bays in which populations of A. trapezia occur, C. taxifolia is now the dominant habitat available for settlement, and there is little good quality habitat remaining. Given the negative impacts on key life-history traits of recruits (this study) and adults (Gribben and Wright 2006b; Wright and Gribben 2008) and the extent to which C. taxifolia has invaded the benthos in Lake Conjola, populations of A. trapezia invaded by C. taxifolia in this estuary are unlikely to persist. Moreover, the abundance and health of adult A. trapezia are reduced in sediments containing C. taxifolia compared to those with native seagrass and unvegetated sediments in multiple estuaries in southeastern New South Wales, suggesting that habitat-forming invasive species may impact on native organisms on a regional scale (Wright et al. 2007) .
Interestingly, the growth rates of recruits on C. taxifolia were much lower than those in cages in C. taxifolia. This could be an artifact of caging or temporal variations in growth rates (data were collected 1 year apart). However, it was more likely a result of the clams in cages being 6 months of age and between 12-15 mm in shell length when placed in this habitat-i.e. they had a previous, relatively long-term exposure to a good quality habitat. Negative impacts on recruits in C. taxifolia may be even more severe than on those older/larger recruits used in this study, although the small size of settled individuals (\300 lm) precluded us from using immediately settled individuals.
Given that A. trapezia recruits to C. taxifolia in high abundance and that there are large negative impacts on multiple traits of recruits and adults in C. taxifolia, C. taxifolia may be an ecological or evolutionary trap for A. trapezia. However, the final criteria for establishing the presence of an ecological trap, that of preferred or equal preference for a poor quality habitat (Robertson and Hutto 2006) , is an important avenue for future research. Additionally, our caging experiment suggests that high recruitment to C. taxifolia may reflect a trade-off between predation risk and individual fitness. Unvegetated sediment is a higher quality habitat (i.e. higher growth of clams in unvegetated vs. invaded sediments) but has a higher predation risk (Gribben and Wright 2006a) , whereas C. taxifoliainvaded sediments offer a lower risk of predation but are of poorer quality. The selection by mobile adult bivalves (e.g. scallops) for high-quality, high predation unvegetated habitats over lower predation, lower quality habitats (native seagrass) has been demonstrated (Bologna and Heck 1999) .
One of the major aims of invasive species research is to develop models for predicting their impacts. As noted by Crooks (2002) , an important question with regard to exotic habitat-forming species is whether they will have predictable effects when establishing in foreign ecosystems. Given the growing number of studies that demonstrate facilitation of species richness and population abundances via autogenic engineering by habitat-forming invasive species, the positive effects of these types of invaders may be a predictable outcome of invasion. However, lower growth and survivorship of recruits and a reduced fitness and abundance of adults (Crooks 2001 (Crooks , 2002 Gribben and Wright 2006b; Wright et al. 2007 ) through allogenic engineering may also be a predictable negative impact of habitat-forming invasive species. Furthermore, we suggest that studies conducted solely at the community level may underestimate the potential impacts of invasive species in soft-sediment ecosystems and that these studies should incorporate studies of fitness of associated fauna. The challenge remains to determine which environmental variables are responsible for the negative impacts on native infauna and, more importantly, what the net demographic effect of the conflicting autogenic and allogenic properties habitat-forming invasive species are for population growth of native infauna.
